RJ. Endothelial nitric oxide synthase is dynamically expressed during bone marrow stem cell differentiation into endothelial cells.
progenitor cells NITRIC OXIDE (NO) is a highly reactive small molecule that is involved in a wide range of biological events in almost all living systems (22) . NO is generated from L-arginine by NO synthase (NOS) with the formation of L-citrulline (23) . The regulation and modification of NO production is a key step in the control of many biological processes in both physiological and pathophysiological conditions. Many growth factors, pharmacological agents, and environmental factors can contribute to the regulation of the function and expression of NOS (10) .
Three different isoforms of NOS have been identified, including neuronal NOS (nNOS or NOS-I), inducible NOS (iNOS or NOS-II), and endothelial NOS (eNOS or NOS-III) (2) . eNOS is a 133-kDa protein with 1,203 amino acids that was identified initially in vascular endothelial cells. It plays a critical role in the functioning of endothelial cells. eNOS is essential in the signaling for vascular endothelial growth factor (VEGF), which is required for the development and function of endothelial cells (8, 11) . eNOS contributes importantly to the endothelium-dependent vascular functions, including vasodilation and angiogenesis. Recent evidence indicates that mobilization of endothelial progenitor cells is dependent on eNOS (1), suggesting that eNOS-dependent mobilization of stem cells and endothelial progenitor cells may have a potential therapeutic role in ischemic heart disease and tissue repair. Therefore, understanding the natural course of eNOS expression during endothelial cell differentiation and development may help to characterize the mechanisms by which NO influences endothelial cell development and function.
Reyes et al. (26, 27) recently purified, cultured, and characterized bone-marrow multipotent adult progenitor cells (MAPCs) from both human and mouse. These cells were CD44 Ϫ , CD45 Ϫ , c-kit Ϫ , and sca-1 ϩ and were able to differentiate into multiple cell lineages in vitro, including endothelial cells. These endothelial cells derived from MAPCs not only express endothelial markers like von Willebrand factor (vWF) but also display the full range of endothelial functions including LDL uptake, secretion of VEGF, vascular tube formation, and in vivo neoangiogenesis in tumors and wound healing. During the in vitro differentiation of MAPCs to endothelial cells, the stages of cell differentiation from the progenitor cells can be easily defined. The aim of this study, using this in vitro system, was to investigate the pattern of eNOS expression during the course of stem cell differentiation into endothelial cells and to examine the functional status of the newly differentiated endothelial cells.
MATERIALS AND METHODS
Stem cell culture and differentiation into endothelial cells. Mouse MAPCs were cultured in expansion medium in culture flasks coated with 5 ng/ml of fibronectin (FN, Sigma) at 37°C with 95% O 2-5% CO 2 as previously described (17) and maintained at cell densities between 2 and 5 ϫ 10 3 cells/cm 2 by sequential subculture. To induce differentiation to endothelial cells, MAPCs were replated at 2 ϫ 10 4 cells/cm 2 in FN-coated culture vessels or chamber slides at 37°C with 95% O 2-5% CO2 in serum-free culture media in the presence of 10 ng/ml VEGF (R&D Systems) as described previously in detail (17, 26, 27) . Cultures were maintained by media exchange every 3 days. In some instances, cells were subcultured after day 9 of differentiation at a 1:4 dilution under the same culture conditions. The cells were collected at days 0, 1, 3, 5, 7, 10, 14, 21, 28 , and 35 of culture for immunostaining of endothelial marker vWF and eNOS or Western blot analysis for eNOS and eNOS activity determination.
Immunofluorescence staining for vWF. Undifferentiated MAPCs or MAPCs induced to differentiate into endothelial cells plated in FNcoated chamber slides at days 1, 3, 5, 7, 10, 14 , and 21 were fixed with 2% paraformaldehyde (Sigma) for 4 min at room temperature. The cells were further prepared for immunofluorescence staining for vWF as described previously in detail (17, 18) . The dilution factor for primary antibodies (Abs) against vWF (Santa Cruz) was 1:100. The dilution factor for secondary Abs (anti-goat IgG-Cy-3; Sigma) was 1:200. Slides exposed to the secondary Abs only were used as negative controls, and cultured human umbilical vein endothelial cells (HUVECs) were used as a positive control.
Assessment of eNOS expression during differentiation. Western blot analysis of eNOS protein was carried out to quantitatively determine the expression of eNOS during the course of MAPC differentiation. MAPCs and day -1, -3, -5, -7, -10, -14, -21, -28 , and -35 differentiated progeny were collected in the form of a pellet by centrifugation at 1,600 rpm for 5 min at 4°C and frozen at Ϫ80°C until analysis. Immunoblotting was conducted as previously described with minor modifications (29) . The dilution factor for primary Ab against eNOS (Santa Cruz) was 1:1,500, whereas the dilution factor for secondary Ab conjugated with horseradish peroxidase (Sigma) was 1:2,000. HUVEC protein was used as a positive control.
NOS catalytic activity assay. The conversion of L-
14 C]citrulline was used to determine the catalytic activity of NOS as described previously with minor modifications (12) . The radioactivity of the samples was counted in a Beckman LS 3801 scintillation counter. The enzymatic activity was expressed as picomoles of L-citrulline per milligrams protein per minute. To determine Ca 2ϩ -dependent NOS activity, Ca 2ϩ was omitted from the assay solution and 2 mM EDTA was added to remove any remaining Ca 2ϩ in the incubation system. NOS activity from HUVEC protein was used as a positive control.
Quantitative real-time PCR for eNOS mRNA. Quantitative realtime PCR assay was used to assess eNOS mRNA levels during MAPC differentiation into endothelial cells with the method described in detail previously (18) . The primer sequence used for eNOS was CACCAGGAAGAAGACCTTTAAGGA (forward) and CACACGCT-TCGCCATCAC (reverse). The mRNA levels were normalized by using GAPDH as a housekeeping gene (forward: CCAATCAGCTTGGGCTA-GAG; reverse: CCTGGGAAAGGTGTCCTGTA) and compared with levels in the mouse universal gene.
In vitro tube formation assay. In vitro vascular tube formation from the cells differentiated from MAPCs was evaluated in three-dimensional cultures with growth factor-reduced Matrigel (10 mg/ml; Collaborative Research, Bedford, MA) as described previously (14) . We seeded MAPC-derived endothelial cells (5 ϫ 10 4 ) in serum-free and growth factor-free medium on the surface of the Matrigel previously polymerized overnight. Cultures were incubated with or without VEGF (10 ng/ml) at 37°C and observed for tube formation every hour. Human dermal microvascular endothelial cells (MECs) and fibroblasts were used as positive and negative controls.
Phosphorylation studies. In vitro VEGF-stimulated phosphorylation of extracellular signal-regulated kinase (ERK)-1 [p44 mitogenactivated protein kinase (p44 MAPK)] and ERK-2 (p42 MAPK), and the serine/threonine protein kinase Akt (protein kinase B) were analyzed as described previously (11, 14) . Briefly, subconfluent cultures of cells differentiated from MAPCs and human dermal MECs were incubated in serum-free medium overnight at 37°C. The cells were stimulated with VEGF for different times at different concentrations. To evaluate the effect of NO on the VEGF-stimulated phosphorylation, a group of cells was pretreated with 100 M N G -nitro-L-arginine methyl ester (L-NAME) for 5 min before the addition of VEGF.
Whole cell lysates (30 g protein) resolved on 10% SDS-PAGE were transferred to a polyvinylidene difluoride membrane (Immobilon; Millipore, Bedford, MA). Immunoblotting was performed using antibodies to phospho-p44/42 MAPK/ERK (Thr202/Tyr204), total MAPK/ERK, phospho-Akt, and total Akt (New England Biolabs, Beverly, MA). The immunoreactive proteins were visualized with ECF Western blotting system (Amersham Life Sciences, Buckinghamshire, UK), and chemiluminescent signals were acquired using Storm 860 Phosphorimager (Molecular Dynamics, Sunnyvale, CA) as described previously (15) .
Statistical analysis. The data were expressed as means Ϯ SD for all experimental measurements. Statistical analysis was done using one-way ANOVA, and statistical significance was determined as P Ͻ 0.05.
RESULTS

Differentiation of MAPCs into endothelial cells in vitro.
The phenotype and multilineage differentiation potential (i.e., meosodermal, endodermal, and ectodermal capacity) of MAPCs used in this study were routinely checked monthly for quality control. To ensure that MAPCs differentiated into endothelial cells in this controlled culture system, the appearance of the endothelial marker vWF was evaluated throughout the course of differentiation. The cells first became vWF positive on day 10 during the course of differentiation as shown in Fig. 1, A and B, which was consistent with previous observations (17, 18, 26, 27) .
NOS expression in the cells at different stages of differentiation. As shown in Fig. 2A , Ca 2ϩ -dependent NOS activity was observed in MAPCs before the initiation of cell differentiation with an activity equivalent to ϳ25% of NOS activity in HUVECs. No Ca 2ϩ -independent NOS activity was observed in these cell preparations. NOS activity was lost at the beginning of differentiation (day 1) and remained absent throughout in the first week. However, measurable Ca 2ϩ -dependent NOS activity reappeared in the cells after 1 wk of differentiation and increased by weeks 2 and 3. After week 3, NOS activity tended to decline, although this was not statistically significant (P Ͼ 0.05). No Ca 2ϩ -independent NOS activity was detected in the cells at any stage of differentiation (data not shown).
Western blot analysis, as shown in Fig. 2B , demonstrated that eNOS, but no iNOS (not shown), was present in MAPCs before differentiation. No eNOS expression was detected in the first week of differentiation. However, expression of eNOS reappeared in the cells after 1 wk of differentiation, and the level of expression increased over time with the highest level detected at week 3. Quantitative real-time PCR revealed a similar pattern of eNOS expression in the cells during differentiation as shown in Fig. 2C . No iNOS was expressed at any time during cell differentiation (data not shown).
Vascular tube formation. Endothelial cells differentiated from MAPCs at weeks 2 and 3 were evaluated for tube formation in vitro on growth factor-reduced Matrigel. As shown in Fig. 3 , the newly differentiated cells formed dense networks of branching and anastomosing cords on the Matrigel. The cells also formed tubes on the Matrigel without the addition of VEGF (data not shown). The number of branches and the length of the tubes formed by MAPC-derived endothelial cells were much greater than those formed by MECs (Fig. 3, B and C) . The tube formation potential by the differentiated cells, as assessed by the number of branches and the length of the tubes, tended to decrease after week 3 (Fig. 3D) . Fig. 4 , A and B, demonstrated that VEGF stimulated MAPK/ERK phosphorylation in a time-and concentration-dependent manner. VEGF-induced P42/44 MAPK/ERK phosphorylation started to occur 5 min after exposure to VEGF in the cells at the stage of week 2 of differentiation. The maximal phosphorylation of both p42 and p44 forms of MAPK was achieved by 15 min of treatment with VEGF (Fig. 4A) . Both p42 and p44 protein kinases were maximally phosphorylated at a concentration of 2.0 ng/ml of VEGF (Fig. 4B) . Pretreatment of the cells with the NOS inhibitor L-NAME reduced VEGF-stimulated MAPK/ERK phosphorylation. The phosphorylation levels of the protein kinases were decreased when the concentration of VEGF was over 100 ng/ml (data not shown).
In vitro phosphorylation of p42/44 MAPK/ERK. Western blot analysis, as shown in
DISCUSSION
In the present study we demonstrated for the first time that eNOS was dynamically expressed during the course of MAPC differentiation into endothelial cells in vitro. Using a similar preparation, Reyes et al. (27) and Jiang et al. (17, 18) showed that the endothelial cell-specific markers vascular endothelial cadherin and receptor tyrosine kinase (Tek) were expressed as early as day 3 after the initiation of differentiation of MAPCs, whereas the more mature marker vWF was expressed from day 9. The appearance of vWF was associated with the ability of differentiated endothelial cells to uptake acetylated lowdensity lipoprotein (aLDL), indicative of the beginning of endothelial cell function. In the present study, vWF was expressed in the cells on day 10, which was consistent with the above observations, assuring that the cells were indeed differentiating into endothelial cells. However, it was not clear at this point that these cells were endothelial progenitor cells or mature endothelial cells. Therefore, it might be more appropriate to call these cells endothelial-like cells.
There were some data available in the literature concerning the developmental expression of NOS during embryogenesis. Wildemann and Bicker (31) reported that NOS in Drosophila embryos (dNOS) was first expressed when the embryos passed stage 15. Bloch et al. (4) showed that no NOS was detected in the first 7.5 days of both murine and rat embryonic development. However, beginning from day 9.5 of embryonic development, both iNOS and eNOS were expressed. The expressions of both iNOS and eNOS were decreased after day 14.5; iNOS became almost undetectable shortly before birth, whereas eNOS expression was downregulated to low levels. Sheppard et al. (29) observed that the expression of eNOS protein in the placental artery of pregnant ewes peaked at 130 days of gestation and then returned to baseline levels at 142 days of pregnancy. In the present study, eNOS expression was also dynamic during the course of differentiation with maximal levels at week 3. This changing pattern of expression likely reflected a dynamic regulatory mechanism of the enzyme.
An important function of endothelial cells was the formation of new vasculature (angiogenesis) in the presence of VEGF. NO was involved in angiogenesis via MAPK activation and fibroblast growth factor expression (32) . VEGF was critical to the differentiation and proliferation of endothelial cells, and NO functioned as an important effector of the biological actions of VEGF (9, 24, 28, 33) . The serine/threonine kinase Akt was crucial to VEGF-induced angiogenesis signaling (30) . eNOS was activated through direct phosphorylation by Akt, linking the signal transduction from VEGF to the release of NO in endothelial cells (5, 11) . In the present study, the endothelial cells differentiated from MAPCs formed vascular tube networks on Matrigel. In addition, the MAPK was phosphorylated in endothelial progeny in response to VEGF stimulation in a time-and concentration-dependent manner. These data indicated that the VEGF-Akt-eNOS-MAPK signal transduction pathway was well established in these cells. Further in vivo studies to demonstrate the involvement of these newly differentiated endothelial cells in the process of reendothelialization or repair of injured vasculature could represent a significant therapeutic value for these cells.
One of the interesting findings in the present study was that eNOS was present in the undifferentiated MAPCs. One might argue that this was due to a fraction of already differentiated vasculogenic progenitors in the MAPCs. It is high unlikely. The undifferentiated MAPCs had unique morphology and biological markers without expression of vWF. As mentioned in RESULTS, the cell quality including phenotype was checked regularly before differentiation. Previous studies demonstrated that isoforms of NOS existed in other stem/progenitor cells and played an important role in the function of these cells. Both eNOS and nNOS were detected in mouse neural progenitor cells (21, 30) . It was also found that eNOS and iNOS were expressed in the cytoplasma of mouse oocytes and embryos during the preimplantation period (25). NOS activity decreased in embryos from the four-cell to the eight-cell stage during development. And in vitro embryo development was arrested at the two-cell stage when the one-cell embryos were exposed to the NOS inhibitor L-NAME; the developmental arrest was reversed by the addition of L-arginine (25). Inhibition of NOS activity in the imaginal discs of Drosophila larvae led to hypertrophy of tissues and organs of the adult fly (7). The eNOS-deficient mice exhibited significant limb reduction defects, profound bone formation abnormalities with decreased bone density, and increased neonatal loss as well as fetal growth restriction (3, 13, 16) . Compensatory lung growth was found to be severely impaired in eNOS-deficient mice (20) . Very recently, Krumenacker et al. (19) demonstrated that nNOS and eNOS were present in the undifferentiated mouse embryonic stem cells. When the embryonic stem cells were induced to differentiate, nNOS expression quickly decreased within 1 day, whereas eNOS and iNOS expression increased significantly after 5 days. They also found that cGMP-mediated NO signaling might play a role in the early differentiation of murine embryonic stem cells into cardiomyocytes (19) . These data implied that NO was involved in the proliferation and differentiation of stem cells at multiple stages of commitment in different species.
The finding that eNOS expression in MAPCs was turned off at the very beginning of differentiation suggested that NO might be important for maintaining the characteristics of stem cells. Our ongoing studies would soon determine the fate of MAPCs when cultured in the presence of NOS inhibitors to further address this hypothesis. The reappearance of eNOS expression later in the course of differentiation was likely a result of the transformation into endothelial cells and was essential for the full function of the differentiating cells. The dynamic nature of eNOS expression also suggested that NO might play different roles in the cells at different stage of differentiation and development. Further studies were needed to investigate the mechanisms for the alteration in eNOS expression during the course of differentiation.
In conclusion, eNOS was expressed in MAPCs, became downregulated during the induction of differentiation with VEGF, and was again expressed as the cells acquired endothelial cell markers and function. The data suggest that NO may be important to maintain bone-marrow stem cells in the undifferentiated state before stimulation with VEGF, whereas the reexpression of eNOS appears to confer functional integrity to the differentiated endothelial cells.
